Objectives. Solar ultraviolet radiation (UVR) has major adverse effects on human health. While the mechanisms responsible for induction of UVR-induced inflammation are well-documented, the mediation of its resolution and longer-term adaptive homeostasis is unknown. Therefore, we examined the skin immune and lipid profile over time following UVR inflammation. Methods. To investigate the self-resolving events of UVR inflammation in vivo, human skin was exposed to a single pro-inflammatory dose of UVR. Skin biopsies and suction blister fluid were taken at intervals up to 2 weeks post-UVR. The immune infiltrate was quantified by immunohistochemistry, and lipid mediators were profiled by liquid chromatography/mass spectrometry. Results. We identified that cellular resolution events including switching of macrophage phenotype apply to human sunburn. However, UVR-induced inflammation in humans involves a post-resolution phase that differs from other experimental models. We demonstrate that 2 weeks after the initiating UVR stimulus, there is considerable immune activity with CD8 + GATA3 + T cells maintained in human skin. Our results challenge the dogma of CD4 + FOXP3 + T cells being the main effector CD4 + T-cell population following UVR, with CD4 + GATA3 + T cells the dominant phenotype. Furthermore, lipid mediators are elevated 14 days post-UVR, demonstrating the skin lipid microenvironment does not revert to the tissue setting occurring prior to UVR exposure. Conclusion. We have identified for the first time that CD4 + GATA3 + and CD8 + GATA3 + T-cell subpopulations are recruited to UVR-inflamed human skin, demonstrating discrepancies between the adaptive UVR response in mice and humans. Future strategies to abrogate UVR effects may target these T-cell subpopulations and also the persistent alteration of the lipid microenvironment post-UVR.
INTRODUCTION
Solar ultraviolet radiation (UVR) has adverse effects on human health, which include induction of both inflammation (sunburn, photodermatoses) and immunosuppression of the skin (enhancing susceptibility to infection, reducing vaccination efficacy and is the major environmental risk factor for skin cancer). 1 The increasing incidence of skin cancers leads to more medical consultations and treatment, with costs projected into the billions (USD) in the United States alone. 2 Conversely, UVR-induced immunosuppression in humans 3 has beneficial effects in certain skin conditions and may benefit some systemic disorders. 4 Therefore, it is clinically important to decipher how UVR modulates the skin's immune and microenvironment, both to identify treatment targets and to guide public health strategies on sunlight exposure. 5 Ultraviolet radiation induces self-resolving inflammation (i.e. sunburn), characterised by erythema, pain and oedema~4-6 h following prolonged exposure. 6 While the cells and mediators responsible for the induction and peak of acute UVR-induced inflammation in human skin have been extensively investigated, 7 the longerterm cellular and molecular events contributing to resolution and beyond are unknown.
Recent experimental investigations have identified that post-inflammation, tissues do not revert to homeostatic conditions. Instead, 'adaptive homeostasis' occurs, where although the initiating inflammatory signal has subsided, a beneficial state of local immunosuppression remains. 8 This post-resolution phase is characterised by either a secondary infiltrate 9, 10 or retention of immune cells following inflammatory resolution, and maintains an immunosuppressive environment. 8 It is thought that regulatory T cells (Tregs) are central for cutaneous immunosuppression following UVR exposure in mice. 11, 12 In addition, recent epidemiological evidence shows that the Treg subpopulation, CD45RA À /CD27 À , in the peripheral blood of humans, positively correlates with a proxy of UVR exposure. 13 However, there is no in situ evidence that UVR leads to the accumulation of Tregs in human skin. 13 Moreover, the potential role of efferocytosis, a vital process for initiating inflammatory resolution, 14 remains unexplored in the human cutaneous UVR response.
Pro-inflammatory and pro-resolving cellular events are not passive and require signals to coordinate their activity. 10, 14, 15 Evidence from murine and human models supports that lipid mediators are required molecular signals at the onset and peak of inflammation, and may also direct resolution. [14] [15] [16] Following UVR exposure in humans, synthesis of bioactive lipids occurs for 72 h. 17 The activity of these lipid mediators in modulating UVR-induced inflammation is evident as cyclooxygenase inhibitors reduce erythema. 18 However, it is unknown whether a post-resolution phase 8 occurs following UVR and whether these lipid mediators participate. Therefore, the primary objective of this study was to examine the longerterm cutaneous immune infiltrate and lipid profile of the sunburn response in healthy humans in vivo. This will reveal whether insights into UVR inflammation resolution gained from murine studies translate to the human system.
RESULTS AND DISCUSSION

Classical inflammatory cellular resolution occurs 4 days post-UVR
To determine when resolution of the clinical sunburn response occurs, we analysed skin erythema following a single pro-inflammatory dose of UVR [3 9 minimal erythema dose (MED)]. The erythemal response to UVR, measured spectrophotometrically as Hb Index, was maximal at day 1 post-challenge and decreased thereafter, returning to baseline levels by day 14, accompanied by visible tanning (Figure 1a and b).
Next, using immunohistochemistry (IHC) and immunofluorescence microscopy, we investigated whether classical cellular events of resolution applied to the UVR-induced inflammatory response in humans, that is whereby infiltrating neutrophils are cleared and MФs progress to a M2like phenotype. 14 At baseline, no neutrophils were detected, while total dermal neutrophil levels peaked at day 1 post-UVR and returned to baseline levels at day 4 post-UVR (Figure 1c and e). Using the pan-Mφ marker, CD68, we detected Neutrophil numbers decreased to baseline after the peak of Mφ infiltration (Figure 1e ), suggesting efferocytosis had taken place. The hallmark of efferocytosis is the active switching of the Mφ inflammatory phenotype (M1) to a more antiinflammatory (M2) status. 14, 15 Therefore, we next wanted to determine whether the clearance of neutrophils corresponded with a change in Mφ phenotype. To do this, we used the M2 marker CD206 and quantified their phenotype in the dermis, since the majority of the Mφ infiltrate resided in this skin compartment (Supplementary figure 1 ). At baseline,~77% of Mφs had an M2-like phenotype, and following UVR exposure, a shift in phenotype was observed with a reduction (~33%) in M2-like cells, suggesting the Mφ population was M1-dominant ( Figure 1d and f). Thereafter, on day 4 post-UVR, dermal Mφs reverted back towards a baseline phenotype with~72% of CD68 + Mφs expressing CD206 (Figure 1d and f).
Thus, the temporal cellular changes in neutrophil and Mφ infiltration at the peak and resolution of UVR inflammation are similar to other forms of inflammation. 19 However, the cellular events differed from the post-resolution phase in mice and humans challenged with other inflammatory stimuli. Specifically, we did not observe a second infiltrate of Mφs at 14 days post-UVR (Figure 1e , Supplementary figure 1 ). This indicates that other cells must participate in the post-resolution phase of sunburn in human skin. To explore this, we first analysed mast cells through IHC and found no change throughout the time course (Supplementary figure 1). Conversely, total epidermal Langerhans cell (LC) numbers were significantly decreased (Figure 2a and b). As migrating LCs post-UVR express co-stimulatory molecules, 20 this suggests that LCs are migrating to the lymph nodes to activate T cells to home to the site of UVR inflammation.
CD4 + GATA3 + T cells are the main CD4 + phenotype following UVR-induced inflammation
Tregs are thought to facilitate Mφ efferocytosis 21 and cutaneous photoimmunosuppression in mice. 11, 12, 22 Therefore, we quantified dermal CD4 + T cells by IHC. CD4 + T cells were present in unexposed skin, and upon day 1 post-UVR, a significant increase in their numbers was detected, followed by peak infiltration at day 4 and return to baseline levels by day 14 post-UVR (Figure 2c , Supplementary figure 1). As CD4 + infiltrate is predominantly dermal (Supplementary figure 1) , we quantified Tregs in the dermis using the marker FOXP3 with CD4. After UVR provocation, the number of CD4 + FOXP3 + cells significantly increased by 4 days post-UVR, the time point where we defined cellular resolution to occur (Figure 1) , and peaked at 10 days post-UVR (Figure 2d and e). While we detected a significant increase in the total number of Treg cells following UVR provocation, the percentage of CD4 + FOXP3 + was reduced to~25% from~41% of CD4 + cells (Figure 2f ). This contrasts with murine data where CD4 + FOXP3 + T cells are the major subpopulation of CD4 + cells (~60%). 11, 12 Therefore, in human skin, this infiltrate comprises other CD4 + effector T cells.
To investigate this, we quantified the Th2 marker, GATA3, in the dermis by immunofluorescence. This revealed a significant increase in the percentage of CD4 + GATA3 + cells, demonstrating that CD4 + GATA3 + cells are the dominant phenotype during the sunburn response in humans (Figure 2g and h). While GATA3 is a marker for Th2 cells, GATA3 can regulate antiinflammatory cytokines independently of Th2 cytokines. 23 Since IL-4 is expressed by neutrophils 24 and not by CD3 + T cells 25 post-UVR in human skin, this suggests the CD4 + GATA3 + cells we identified here mediate an immunosuppressive effect rather than a Th2 response. Therefore, both CD4 + GATA3 + and CD4 + FOXP3 + are likely to provide an immunosuppressive environment in human skin.
UVR-induced inflammation recruits and maintains CD8 + GATA3 + T cells
The epidermis constitutively expressed GATA3, as anticipated since GATA3 is expressed by keratinocytes. Notably, we detected CD4 À GATA3 + cells in the dermis; we hypothesised that these cells are the CD8 T-cell subpopulation Tc2. To determine whether CD8 T cells have any role in the sunburn response, we analysed total dermal CD8 + cells by IHC (Figure 3a, Supplementary figure 1 ). This revealed CD8 + cells peaked 7 days post-UVR and remained significantly elevated 14 days post-UVR (Figure 3a, Supplementary figure 1 ). As CD8 + cells are almost exclusively restricted to the dermis, we quantified their GATA3 expression in the dermal compartment. At baseline,~56% of CD8 + cells expressed GATA3 and these peaked 4 days post-UVR (~80%) and remained significantly elevated at 14 days post-UVR (~82%) (Figure 3b and c, Supplementary figure 2 ). This demonstrates that CD8 + GATA3 + T cells are recruited and maintained following UVR exposure in human skin. Dysfunctional CD8 + GATA3 + T cells are reported to occur upon chronic inflammation, losing their cytotoxic function and gaining an immunosuppressive profile, 26 which potentially is the case here.
UVR induces the synthesis of lipid mediators beyond cellular resolution in human skin in vivo
Lipid mediators tightly regulate the induction of inflammation through coordinating immune cell functions or immune profile, 15 and facilitate resolution to prevent chronic inflammation. 10, 27 However, it is unknown whether lipid mediators participate in the resolution or post-resolution phases of the UVR response in humans. To investigate this, we analysed their temporal expression in suction blister fluid by LC-MS/MS to 14 days post-UVR.
The production of many prostaglandins (Figure 4a and b) and mono-hydroxy fatty acids (Figure 4d and e) increased 1 day post-UVR, in line with the peak of the inflammatory sunburn response. By day 4 post-UVR, pro-inflammatory prostaglandin (PGE 1 -PGE 3 ) levels had normalised (Figure 4a, b, d and e ), supporting our observation that cellular resolution occurs at 4 days post-UVR. We were unable to detect the specialised pro-resolving mediators known as resolvins, although we did identify their precursors 17-HDHA and 18-HEPE (Figure 4d ). Following resolution of UVR inflammation, certain prostaglandins continued to be synthesised, most obviously the PGF series (Figure 4a and c) , indicating an active role in post-resolution processes. In addition, prostaglandin metabolites increased 4 days post-UVR. This may reflect increased synthesis of their precursors but some species such as d12-PGJ 2 exhibit anti-inflammatory activities in their own right. 28 We also detected prolonged synthesis of hydroxy fatty acids (Figure 4d ), in particular the chemoattractant 8-HETE at days 4 and 7 post-UVR (Figure 4f ), which may be associated with the T-cell infiltrate at this time. Therefore, the skin lipid microenvironment does not simply revert to its tissue setting prior to UVR provocation, indicating that adaptive homeostasis 8,10 applies to UVR exposure in humans.
Concluding remarks
Collectively, we demonstrate for the first time in humans in vivo that a single exposure to UVR has long-lasting effects on the recruitment and maintenance of a dermal immune infiltrate and the skin microenvironment. These findings offer explanation for the clinical observation of immunosuppression provoked by UVR, 3 with insights into the events that lead to resolution of UVR injury, and the differences in post-resolution biology occurring in human skin.
Interestingly, our results demonstrate discrepancies between the human and murine adaptive immune response to UVR. In mice, Tregs are the dominant CD4 + T cells post-UVR; however, here, they did not constitute the major CD4 + population. Instead, we identified that a substantial proportion of CD4 + T cells expressed the transcription factor GATA3. Therefore, our results caution against extrapolation of murine mechanistic studies of the cutaneous UVR response. Furthermore, we detected a retention of CD8 + GATA3 + T cells following UVR inflammation, which has been previously overlooked with regard to photoimmunology. 22 As this CD8 + subset has immunosuppressive activities through GATA3 increasing IL-10 production, 26 CD8 + GATA3 + T cells may have a physiological role for post-resolving events following acute UVR-induced inflammation. Therefore, our work introduces GATA3 as a potential mediator of the adaptive immune response to UVR in human skin. While we have identified these cells for the first time in human skin following UVR inflammation, functional analyses are awaited and further immune cells may be contained within the infiltrate.
Finally, the concept that prolonged immunosuppression after an initiating inflammatory stimulus is beneficial in preventing 'maladapted homeostasis' 8 may extend to UVR injury in humans, as we detected substantial immune activity 14 days post-UVR. Specifically, prostaglandin and hydroxy fatty acid synthesis were elevated and CD8 + GATA3 + T cells were maintained after resolving cellular (neutrophilic) events. These cells and mediators may be necessary to conserve an immunosuppressive environment and prevent chronic inflammation or autoimmunity, as there is considerable release of potential self-antigens following UVR. 29 Targeting the activity of these immune cells (e.g. CD4 + /CD8 + GATA3 + cells to increase IL-10, or M2 MФs to augment efferocytosis) or manipulating the synthesis of lipid mediators may enhance inflammation resolution and optimise the post-resolution microenvironment following UVR exposure.
METHODS
Subjects
Ethical approval was granted by the Greater Manchester North NHS research ethics committee (ref: 11/NW/0567). The study took place at the Photobiology Unit, Salford Royal NHS Trust, Greater Manchester, UK, and 13 healthy volunteers were recruited from the local area. Potential volunteers were included if they were aged between 18 and 60 years, white Caucasian, of skin phototypes I-III according to the Fitzpatrick skin phototyping scale. Volunteer suitability was also determined through assessment of their sunburn threshold, that is minimal erythemal dose (MED; see below). Exclusion criteria were as follows: pregnant/breastfeeding, had used a sunbed or sunbathed in the 3 months prior to the study, had preexisting skin conditions, history of skin cancer, or taking anti-inflammatory medication or supplements. All volunteers provided written informed consent in accordance with the Declaration of Helsinki principles.
Ultraviolet irradiation challenge
Each volunteer's MED was determined by application of 10 increasing doses (8, 10, 13, 17, 21, 32, 42 , 51, 63 and 80 mJ cm À2 ) of UVR to the photoprotected upper buttock using a Waldmann UV 236B unit housing two Waldman fluorescent broadband UVB lamps (280-400 nm; peak 313 nm; Herbert Waldmann GmbH & Co. KG, Germany). The dose producing a just visible erythema at 24 h post-UVR exposure was the volunteer's MED. Along with the skin phototype, the MED result was used to determine suitability for inclusion in the study. Only volunteers with an MED of 42 mJ cm À2 or under were included in order to limit the variability in UVR-induced inflammatory responses and select a group with greater sensitivity to UVR exposure. Volunteers who met these criteria were subsequently given a single individualised pro-inflammatory dose of UVR (3 9 MED) in duplicate to different sites of the photoprotected upper buttock skin on five different days (at the same time of day AE 2 h). This enabled erythema measurement and tissue sampling (punch biopsy and suction blister) of the 14-day UVR time course.
UVR-induced erythema measurements
Volunteers were acclimatised for 15 min prior to taking Hb Index readings from unexposed and UVR-exposed skin sites using a spectrophotometer (CM600d; Konica Minolta Sensing Europe, Warrington, UK). The Hb Index was measured at each of the skin sites exposed to a 39 MED UVR challenge, at each visit over a 14-day period. The % resolution of the erythemal response over the 14-day time course was calculated relative to the time point (day; D) showing the maximal Hb Index: ((Hb Index D (max) -Hb Index D (x) / Hb Index D (max) ) 9 100. In seven volunteers, Hb Index measurements were also taken at each of the 10 UVR-exposed sites of the MED test at each visit over a 14-day period. As the spectrophotometer simultaneously measures skin lightness (L*) using the CIE colour system, L* values of unexposed skin were also recorded for each individual at the beginning of the study.
Skin sampling
Suction blisters were raised under negative pressure (250 mm Hg) on five UVR-exposed sites and one unexposed skin site of the upper buttock using commercially available hand-held vacuum pumps (Mityvac, St. Louis, MO, USA) and Perspex suction cups with a 1 cm diameter aperture (Medical Physics department, Salford Royal Foundation Trust, Greater Manchester, UK). Blister fluid was aspirated, snap-frozen and stored at À80°C until analysis. Skin punch biopsies (5 mm) were taken from five UVR-exposed sites and from one unexposed site under local anaesthetic (2% lidocaine; Antigen Pharmaceuticals Ltd, Tipperary, Ireland) using Militex biopsy punches (Militex Inc., York, PA, USA). Skin biopsies were bisected: half snap-frozen in OCT medium and half fixed in 4% buffered formalin (Cell Path Ltd, Powys, Wales, UK) before processing in paraffin wax.
Immunohistochemistry
Formalin-fixed paraffin-embedded skin samples were sectioned at 5 lm thickness. Sections were rehydrated, and endogenous peroxidase activity was blocked using 0.3% hydrogen peroxide in 19 phosphate-buffered saline (PBS). Sections were incubated with monoclonal antibodies following heat-induced antigen retrieval in citrate buffer (pH 6.0) (anti-CD8, clone C8/144B; Dako, Stockport, UK); anti-mast cell tryptase (clone AA1, Abcam, Cambridge, UK) or Tris-EDTA buffer (pH 9) (anti-CD4, clone 4B12, Dako). No antigen retrieval was required for neutrophil elastase staining (clone NP57, Dako). Frozen skin samples were sectioned at 7 lm thickness and used for CD68 (clone EBM11, Dako) staining. Primary antibody binding was visualised using Vector ImmPress (Vector Laboratories, Peterborough, UK) and Dako Envision (Dako) peroxidase kits according to the manufacturer's instructions, and sections were counterstained using either nuclear fast red (Vector Laboratories) or Mayer's haematoxylin (Sigma-Aldrich Company Ltd, Dorset, UK). Images were acquired using a 209/0.80 Plan Apo objective using the 3D Histech Pannoramic 250 Flash II slide scanner. Leucocytes were quantified by counting the number of positively stained cells in three high-power fields (hpf) for neutrophils, CD8 + T cells, CD68 + macrophage and mast cells (9200) and in four hpf for CD4 + T cells (9400). Counts were performed in three skin sections per biopsy and averages calculated. Each IHC marker was quantified by one person, and this was performed in a blinded fashion.
Dual immunofluorescence M2 MФs
Frozen skin blocks were sectioned at 7 µm and fixed in acetone for 10 min at À20°C, and then washed with Trisbuffered saline [TBS (all wash steps used TBS)]. Sections were washed and incubated with 10% normal goat serum (NGS) for 30 min. Next, sections were incubated with anti-CD68 (1:50 in 2% NGS; CD68, clone EBM11, Dako) and anti-CD206 (1:100 in 2% NHS; anti-mannose receptor, ab64693, Abcam) primary antibodies overnight (4°C). The following day, sections were washed and incubated with goat antimouse 594 (1:400 in 2% NGS; Alexa Fluor-594, REF A11032, Thermo Fisher Scientific) and goat anti-rabbit 488 (1:200 in 2% NGS; Alexa Fluor-488, REFA11008, Thermo Fisher Scientific, Loughborough, UK) secondary antibodies. Sections were washed, and nuclei were counterstained using DAPI (1 lg mL À1 in PBS) for 1 min. For negative controls, primary antibody raised against CD68 and CD206 was omitted. Images were acquired using an Olympus BX53 upright microscope (Olympus, Tokyo, Japan). MФs were quantified by counting the number of positively stained cells in three hpfs. Counts were performed in three skin sections per biopsy and averages calculated.
T-cell phenotypes
Frozen skin blocks were sectioned at 7 µm and fixed in 4% PFA for 20 min at 4°C, and then washed with TBS (all wash steps used TBS). Sections were washed and incubated with 2% normal horse serum (NHS; S-2012, Vector Laboratories) for 20 min. Next, sections were incubated with anti-CD4 (1:50 in NHS; MA5-12259, Thermo Fisher) or anti-CD8 (1: 100 in NHS; MA5-13473, Thermo Fisher) and in conjunction with anti-FOXP3 (1:200 in NHS; ab4728, Abcam) or anti-GATA3 (1:50 in NHS; ab199428, Abcam) primary antibodies overnight (4°C). The following day, sections were washed and incubated with anti-mouse excel DyLight 488 (DK-2488; Vector Laboratories) and anti-rabbit DyLight 594 (DI-1794; Vector Laboratories) secondary antibodies. Sections were washed, and nuclei were counterstained using DAPI (1 lg mL À1 in PBS) for 1 min. For negative controls, primary antibody raised against CD4, CD8, FOXP3 and GATA3 was omitted. Images were acquired using an Olympus BX53 upright microscope (Olympus, Tokyo, Japan). Leucocytes were quantified by counting the number of positively stained cells in three hpfs. Counts were performed in three skin sections per biopsy and averages calculated.
Lipidomics
Suction blister fluid was analysed by mass spectrometry for prostanoid and hydroxy fatty acid species as previously described. 30 Statistics Data were assessed for normality using D'Agostino-Pearson omnibus normality test and equal variance using F-test. For analysis of parametric data, a one-way ANOVA was performed with Dunnett test to correct for multiple comparisons, while the Kruskal-Wallis test was selected for nonparametric data with Dunn's test to correct for multiple comparisons. If repeated measures were available, paired one-way ANOVA was selected with either Holm-Sidak's multiple comparisons test for normally distributed data or Dunn's multiple comparisons test for nonparametric data. Pvalues < 0.05 were considered significant. All statistical analyses were carried out in GraphPad Prism version 7 (GraphPad Software, La Jolla, CA, USA).
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